Results

13S Condensin Mediates ATP-Dependent Supercoiling of DNA in the Presence of Bacterial or Eukaryotic Topoisomerase I
We used anti-XCAP-G immunoaffinity chromatography to purify 13S condensin from Xenopus egg mitotic extracts as described previously (Hirano et al., 1997) . This single-step purification yields a highly pure fraction that mostly consists of the five subunits of 13S condensin, XCAP-C, -D2, -E, -G, and -H ( Figure 1A ).
On the basis of the head-rod-tail structure of SMC proteins, it has been proposed that they might act as chromatin "motors" that move along DNA in an ATPdependent manner (Strunnikov et al., 1993) . There are precedents for such translocating proteins (the socalled DNA helix-tracking proteins), which include RNA polymerases and DNA helicases. The pioneering work of Liu and colleagues described an in vitro assay that detects a translocation activity using bacterial topoisomerase I as a DNA conformation-specific probe (Tsao et al., 1989; Yang et al., 1989) . In the presence of this enzyme, which removes negative but not positive supercoils, translocation of tracking proteins leads to accumulation of positive supercoils on the DNA template. We used this assay to test if 13S condensin has such a translocation activity. When an affinity-purified fraction of 13S condensin was incubated with a relaxed circular DNA in the presence of ATP and E. coli topoisomerase I, the DNA was converted into a ladder of supercoiled DNAs (Figure 1B, lane 5) . This supercoiling reaction required the 13S condensin fraction, E. coli topoisomerase I, and ATP. The omission of any one of these factors abolished the supercoiling activity ( Figure  1B , lanes 1-4 and 6-8).
We then replaced E. coli topoisomerase I with calf thymus topoisomerase I in the supercoiling reactions. Since eukaryotic topoisomerase I, unlike bacterial topo- Figure 1 . ATP-Dependent Positive Supercoiling of DNA by 13S Conisomerase I, is able to relax both negative and positive densin supercoils, the unconstrained supercoils generated by (A) Immunoaffinity purification. Peptide-eluted fractions were retranslocation of DNA helix-tracking proteins should be solved by 7.5% SDS-PAGE and the gel was stained with silver removed completely by this enzyme, resulting in no (lane 1, load; lane 2, flow-through; and lanes 3-9, eluates). The five change in the linking number (Tsao et al., 1989 ; Yang subunits of 13S condensin (XCAP-C, -D2, -E, -G, and -H) coeluted et al., 1989) . Surprisingly, however, we found that 13S in fractions 4 and 5. A pool of the two fractions was used for routine assays.
condensin was able to introduce supercoils into a re-(B) One-dimensional supercoiling assay. A relaxed circular DNA was laxed circular DNA that could not be canceled by eukaryincubated with an affinity-purified fraction of 13S condensin (lanes otic topoisomerase I ( Figure 1B , lane 9). This reaction 1, 2, 5, 6, 9, and 10) or with buffer alone (lanes 3, 4, 7, 8, 11, and also required ATP ( Figure 1B , lane 10) and could not be 12) in the presence (lanes 1, 3, 5, 7, 9, and 11) or absence (lanes 2, supported by calf thymus topoisomerase I alone (Figure 4, 6, 8, 10 , and 12) of ATP. The reactions contained no topoisomerase 1B, lanes 11 and 12). These results suggest that the I (lanes 1-4), E. coli topoisomerase I (lanes 5-8), or calf thymus topoisomerase I (lanes 9-12). The DNAs were purified, electropho-ATP-dependent supercoiling activity associated with resed on a 0.7% agarose gel, and visualized by Southern blotting.
13S condensin is distinct from the DNA helix-tracking
The positions of relaxed circular DNA (r) and a ladder of supercoiled activity described previously. The actions of two differDNAs (s) are indicated. ent type I topoisomerases also suggest that the reaction (C) Antibody blocking. Supercoiling reactions were set up with 13S products generated by 13S condensin are positively sucondensin (lanes 2-8) or with buffer alone (lane 1) in the presence of calf thymus topoisomerase I and ATP. Before adding a relaxed percoiled and that the supercoils are torsionally concircular DNA, the mixtures were preincubated with control IgG (lane strained by 13S condensin binding. We also found that 3, 0.1 g; lane 4, 1 g) or anti-XCAP-E peptide antibody (lane 5, 0.1 an affinity-purified, anti-peptide antibody against the mg; lanes 6 and 7, 1 g), and with (lanes 7 and 8) or without (lanes XCAP-E subunit efficiently blocked the supercoiling re-1-6) the XCAP-E peptide (0.1 g).
action ( Figure 1C, lanes 5 and 6) . Furthermore, the blocking was reversed by the addition of an excess amount of the antigen peptide ( Figure 1C, lane 7) , demonstrating a specific contribution of the condensin subunit to the supercoiling reaction.
When a supercoiled DNA was incubated with the affinity-purified fraction of 13S condensin in the presence or absence of ATP, no relaxation activity was detectable under the conditions tested (data not shown). Moreover, the addition of ICRF-193, a potent inhibitor of eukaryotic topoisomerase II (Tanabe et al., 1991) , had little effect on the supercoiling activity of 13S condensin, suggesting that conventional topoisomerase II activity does not contribute to the observed supercoiling activity.
The Supercoiling Reaction Products Are Positively Supercoiled
We then analyzed the supercoiled state of the reaction products by two-dimensional gel electrophoresis with the second dimension in the presence of chloroquine (Wu et al., 1988) . We found that the reaction products generated by 13S condensin in the presence of E. coli topoisomerase I and ATP migrated at positions expected to be positive supercoils ( Figure 2A ) (Wu et al., the fully supercoiled population was detected (data not shown). The extent of final supercoiling was more extensive when calf thymus topoisomerase I was used (comthe hydrolysis of ATP. ATP␥S, a slowly hydrolyzable ATP pare Figures 2A and 2C ). In the presence of bacterial analog, and GTP exhibited very weak activities (Figure topoisomerase I, a higher concentration of 13S con-3A, lanes 5, 6, 9, and 10). densin was required to induce a similar degree of suWe then assayed 13S condensin for ATPase activity. percoiling to that obtained with calf thymus topoisomerWe detected an ATPase activity in the affinity-purified ase I (data not shown). The identification of the reaction fraction of 13S condensin that was stimulated ‫-5ف‬fold products as positively supercoiled DNA was further conin the presence of double-stranded closed circular DNA firmed by subsequent treatment of the reaction products ( Figure 3B , columns 3 and 4). The stimulation of ATPase with topoisomerases. The reaction products produced was less efficient (‫-2ف‬fold) when single-stranded DNA by 13S condensin in the presence of calf thymus topowas used as an effector DNA ( Figure 3B , column 5). The isomerase I were deproteinized, mixed with negatively specific activity of the ATPase was ‫05ف‬ pmol of ATP supercoiled DNA, and then treated with calf thymus or hydrolyzed/min/pmol of 13S condensin in the presence E. coli topoisomerase I. The reaction products were reof relaxed circular double-stranded DNA. An analysis of laxed by calf thymus topoisomerase I ( Figure 2E ), but ATPase kinetics with constant protein and DNA was not by E. coli topoisomerase I ( Figure 2F ). In contrast, performed over a range of ATP concentrations of 10 to the negatively supercoiled DNA exogenously added was 3000 M, and the K m was estimated to be ‫081ف‬ M ATP. converted into a relaxed DNA ladder by both eukaryotic
The ATPase activity cofractionated specifically with 13S and prokaryotic topoisomerases (Figures 2E and 2F) .
condensin during heparin-Sepharose chromatography or sucrose gradient sedimentation (see below). We conRequirement for ATP Hydrolysis in the clude, therefore, that 13S condensin has a DNA-stimuSupercoiling Reaction lated ATPase activity. Next, we examined the effects of ATP analogs and other nucleotides on the supercoiling activity. Supercoiling activity was obvious in the presence of ATP ( Figure 3A , Stoichiometric Contribution of 13S Condensin to the Supercoiling Reaction lanes 1-4), but not detectable when ATP was substituted with ADP or AMP-PNP ( Figure 3A, lanes 7, 8, 11 , and
To investigate the mechanism of the supercoiling reaction supported by 13S condensin, a protein titration 12), suggesting that the supercoiling activity requires A closed circular DNA was incubated with increasing amounts of an affinity-purified fraction of 13S condensin and a fixed amount of E. coli topoisomerase I in the presence (lanes 3-7) or absence (lanes 10-14) of ATP. As a negative control, buffer alone (lanes 2 and 9) or buffer containing the elution peptide (lanes 1 and 8) was used in the presence (lanes 1 and 2) or absence (lanes 8 and 9) of ATP. Figure 3 . Requirement for ATP Hydrolysis in the Supercoiling Re-DNA was purified and subjected to the standard supercoiling assay action (upper panels). The same set of reactions was set up without topo-(A) Effects of nucleotide analogs on supercoiling. A relaxed circular isomerase I and loaded directly onto a 0.7% agarose gel. The 13S DNA was incubated with an affinity-purified fraction of 13S concondensin-DNA complexes were visualized by Southern blotting densin (lanes 2, 4, 6, 8, 10, and 12) or with buffer alone (lanes 1, 3, (lower panels). The positions of the free substrates (arrow) and the 5, 7, 9, and 11) in the presence of no topoisomerase I (upper panel), protein-DNA complexes (asterisk) are indicated. The molar ratios E. coli topoisomerase I (middle panel), or calf thymus topoisomerase of 13S condensin-to-DNA present in the reaction mixtures were I (bottom panel). The reactions were supplemented with no nucleo-‫1:8.3ف‬ (lanes 3 and 10), ‫1:5.7ف‬ (lanes 4 and 11), ‫1:51ف‬ (lanes 5 and tide (lanes 1 and 2), 4 mM ATP (lanes 3 and 4), 4 mM ATP␥S (lanes 12), ‫1:03ف‬ (lanes 6 and 13), or ‫1:06ف‬ (lanes 7 and 14). The population 5 and 6), 4 mM ADP (lanes 7 and 8), 4 mM GTP (lanes 9 and 10), or of DNA that was not subject to supercoiling in high dosage of 13S 4 mM AMP-PNP (lanes 11 and 12). DNA was purified, electrophocondensin (upper panel, lane 7) represents the nicked circular form resed in a 0.7% agarose gel, and visualized by Southern blotting.
(see Figure It appears that 13S condensin bound cooperatively to experiment was performed. We incubated a relaxed circular DNA with increasing amounts of 13S condensin DNA under the conditions in which supercoiling was observed ( Figure 4 , lower, lanes 5-7). These results sugand a fixed amount of E. coli topoisomerase I in the presence or absence of ATP, and assayed for the sugest that the supercoiling reaction supported by 13S condensin is a stoichiometric rather than a catalytic percoiling activity. In addition, the same set of reactions was set up without topoisomerase I and assayed for reaction. The apparent stoichiometric contribution is consistent with a structural role for condensins in chro-DNA binding of 13S condensin by an electrophoretic mobility shift assay. We found that an excess of 13S mosome condensation (Hirano et al., 1997) . We also found that the omission of ATP had little impact on DNA binding per se, while the supercoiling reaction absolutely required ATP (Figure 4 , compare lanes 1-7 and 8-14). We then substituted E. coli topoisomerase I with calf thymus topoisomerase I and obtained a similar result (data not shown).
DNA-Binding Properties of 13S Condensin
To get more insight into the mechanism of 13S condensin function, we examined its DNA-binding properties. We first tested if 13S condensin recognizes structured DNAs, such as cruciform DNA. A synthetic cruciform DNA was prepared as described by Bianchi (1988) and used as a probe in an electrophoretic mobility shift assay ( Figure  5A , top). To distinguish between structure-specific and sequence-specific binding, we also synthesized a pair of duplex "arm" DNAs (35 bp and 40 bp) containing the same sequences as the cruciform probe ( Figure 5A , center and bottom). We found that 13S condensin binds preferentially to the cruciform DNA. 13S condensin started to form a large protein-DNA complex with the cruciform DNA at low protein concentrations ( Figure 5B , top, lanes 5-6). In contrast, the mobility of the duplex DNA probes rarely shifted at the same protein concentrations ( Figure 5B , center and bottom, lanes 5-6).
At the highest protein concentration tested, almost all the input cruciform DNA was shifted whereas only weak binding activities were detected with the duplex DNAs ( Figure 5B , lane 7). Competition experiments further confirmed the specific binding of 13S condensin to the cruciform DNA: cruciform binding was competed out with excess amounts of cruciform DNA ( Figure 5C , top, lanes 6-8), but not with duplex DNAs ( Figure 5C , top, lanes 3-5). In contrast, the formation of 13S condensinduplex DNA complexes was abolished by both the cruciform and duplex competitors with the same efficiency ( Figure 5C , center and bottom). We next tested the DNA length dependence of the 13S condensin-DNA interaction. We used double-stranded sequence. When the different probes were tested separately at a fixed concentration, 13S condensin bound preferentially to longer DNA fragments ( Figure 5D ). This was also the case when we used the same set of probes at a fixed weight ( Figure 5E ). Competition experiments further confirmed the preferential binding of 13S condensin to the 600 bp fragment compared to the 100 bp fragment ( Figure 5F ). These results show that 13S condensin has a higher affinity for long DNA fragments, consistent with the idea that it may wrap DNA around itself, forming a stable complex (see Discussion).
Cofractionation of 13S Condensin with the Biochemical Activities
Since the amounts of purified 13S condensin available for routine studies were very limited, we used affinitypurified fractions in most of the experiments described above. To confirm that 13S condensin is indeed responsible for these activities, we further fractionated an affinity-purified fraction by heparin-Sepharose column chromatography. The five subunits of 13S condensin bound to this resin and eluted in the 0.4 M KCl step ( Figures  6Aa and 6Ab , lane 4). Other polypeptides were barely detectable in this fraction, and most of the contaminating polypeptides were found in the flow-through fraction ( Figure 6Aa , lane 2). These fractions were assayed for DNA-stimulated ATPase (Figure 6Ac ), supercoiling (Figures 6Ad and 6Ae) , and cruciform binding (Figure 6Af ) activities. We found that all the activities cofractionated with 13S condensin in the 0.4 M KCl-eluate ( Figures  6Ac-6Af, lane 4) . In a separate experiment, we fractionated the affinity-purified fraction by sucrose gradient sedimentation and found that 13S condensin copurified with a single peak of the DNA-stimulated ATPase activity ( Figure 6B ). These results suggest strongly that the ATPdependent positive supercoiling activity and the ATPase activity are intrinsic to 13S condensin.
Discussion
We report here that 13S condensin is able to introduce positive supercoils into a relaxed circular DNA in the presence of ATP and topoisomerase I. Figure 7A summarizes our explanation for the supercoiling reaction. We speculate that 13S condensin wraps DNA in a righthanded direction, generating positive supercoils, by utilizing the energy of ATP hydrolysis (Figure 7Ab ; shown by ϩ). The torsional stress leads to accumulation of unconstrained negative supercoils in the protein-free region of the DNA (Figure 7Ab ; shown by Ϫ). Topoisom- Fractions were resolved by 7.5% SDS-PAGE followed by silver stain coli topoisomerase I (d), for supercoiling activity in the presence of (a) or assayed for ATPase activity in the presence (bar) or absence calf thymus topoisomerase I (e), or for cruciform-binding activity product is highly negatively supercoiled DNA. Thus, these two classes of activities are mechanistically distinct from the ATP-dependent positive supercoiling associated with 13S condensin. In addition, it should be emphasized that 13S condensin is unable to change the linking number of DNA by itself and is therefore different from reverse gyrase, a type I topoisomerase that catalytically introduces unconstrained positive supercoils into a relaxed circular DNA (Nakasu and Kikuchi, 1985) .
13S Condensin Recognizes Distorted Regions of DNA?
We consider two possible mechanisms for the preferential binding of 13S condensin to cruciform DNA. First, 13S condensin might have a high affinity for DNA crossovers because the structure in the synthetic cruciform DNA mimics that of the crossover point of two duplex DNAs. However, we do not think it likely because 13S condensin is not able to distinguish between relaxed and supercoiled DNAs in a binding assay (K. K., unpublished data). This is in contrast to topoisomerase II, which recognizes DNA crossovers and displays a higher affinity for supercoiled DNA (Zechiedrich and Osheroff, 1990) . We therefore favor a second possibility that 13S condensin interacts preferentially with distorted DNAs such as bent DNA. This is consistent with our observation that 13S condensin displays a length dependence for its DNA binding: a long DNA fragment is structurally more flexible compared with a short one, thereby being may initiate or facilitate its DNA wrapping reaction. It remains to be determined if 13S condensin has an ability results in the formation of positively supercoiled DNA to mediate protein-induced DNA bending. (Figure 7Ad ). An alternative model is that 13S condensin
The DNA-binding properties of 13S condensin share induces overwinding of the DNA helix by hydrolyzing several features with high mobility group (HMG)-domain ATP. While we cannot rule out this possibility, the DNA proteins (reviewed by Grosschedl et al., 1994) : HMG-1, binding properties of 13S condensin argue in favor of the prototype of this group of proteins, recognizes crucithe wrapping mechanism (see below).
form DNAs (Bianchi et al., 1989) , binds specifically to bent DNAs (Pil and Lippard, 1992) , and introduces suComparison with Other ATP-Dependent Enzymes percoils into a circular DNA (Javaherian et al., 1978) .
That Induce Superhelical Tension
The supercoiling reaction is noncatalytic and is likely to At least two classes of proteins have been reported to involve a looping or a wrapping mechanism (e.g., Stros induce ATP-dependent topological changes of a closed et al., 1994) . Despite these similarities, there are two circular DNA in the presence of topoisomerase I. The important functional differences between the two first class includes the so-called DNA helix-tracking proclasses of proteins. First, 13S condensin requires ATP teins (reviewed by Droge, 1994) . Translocation of these for supercoiling whereas HMG-domain proteins do not. proteins on DNA generates local positive supercoils Second, the directions of DNA supercoiling are oppoahead of the moving proteins and negative supercoils site: 13S condensin wraps DNA in a right-handed direcbehind them. Since both types of supercoils are topologtion whereas HMG-domain proteins, like histone octaically unconstrained, E. coli topoisomerase I, when mers, appear to do so in a left-handed direction. supplemented into the tracking reaction, selectively rePrevious examples of right-handed DNA wrapping promoves the negative supercoils, resulting in accumulateins include DNA gyrase and the tion of positive supercoils on the DNA. This tracking archaeal histone HMf (Musgrave et al. 1991) . The DNA activity may be related to the helicase (strand displacewrapping by the two proteins does not require ATP, ment) activity, but only a subset of the known helicases again being distinct from the activity of 13S condensin. exhibits the tracking activity (Yang et al., 1989; Koo Thus, to our knowledge, ATP-dependent positive suet al., 1991). The second class is represented by the percoiling of DNA in the presence of topoisomerase I is bacterial recA protein, which unwinds the double helix a novel activity that is unique to 13S condensin. in an ATP-dependent manner (Ohtani et al., 1982) . Unwinding of the DNA helix leads to the generation of How Is the Energy of ATP Hydrolysis Utilized? unconstrained positive supercoils, which can be re-
The positive supercoiling reaction supported by 13S condensin requires ATP hydrolysis. We also show that moved by eukaryotic topoisomerase I. The final reaction 13S condensin has a DNA-stimulated ATPase activity.
formation of the chromatin loops, shortening of the interloop axis, and folding of the torsionally constrained While we do not know which subunit(s) of 13S condensin is responsible for these activities, the requirement for loops (Mullinger and Johnson, 1980; Koshland and Strunnikov, 1996) . The superhelical tension model de-ATP hydrolysis strongly suggests that the XCAP-C and XCAP-E subunits are indispensable. A genetic study of picted in Figure 7B might provide a simple explanation for the direct coupling of these three steps if, for in-DPY-27 suggested that the putative ATP-binding motif conserved among SMC proteins is essential for their stance, 13S condensin molecules were located at the base of the loops. Consistent with this idea, ScII, a activity in vivo (Chuang et al., 1994) . How does 13S condensin utilize the energy of ATP hydrolysis in the chicken homolog of XCAP-E, was identified as a major component of the chromosome scaffold (Saitoh et al., supercoiling reaction? One possible mechanism is that the energy of ATP hydrolysis is required for the postu-1994), a subchromosomal structure believed to organize the chromatin loops (Laemmli et al., 1978) . It is equally lated wrapping reaction per se. For example, 13S condensin might mediate an energy-dependent distortion possible, however, that the supercoiling reaction might underlie other proposed mechanisms of chromatin comor bending of DNA. Alternatively, ATP-binding and hydrolysis could regulate protein-protein interactions bepaction, such as successive helical coiling (Sedat and Manuelidis, 1978) or more complex hierarchical folding tween different condensin molecules , which in turn facilitate the DNA wrapping reaction.
( Belmont et al., 1987) . DNA supercoiling is ubiquitous in living cells and is Finally, we cannot exclude the possibility that 13S condensin might overwind the DNA helix by an energyknown to participate in many different DNA transactions (reviewed by Kanaar and Cozzarelli, 1992) . It is tempting dependent mechanism. Future experiments combined with electron microscopy should distinguish among to speculate that the ATP-dependent positive supercoiling activity described here might be shared with other these possibilities.
SMC protein complexes involved in gene regulation and DNA repair (Chuang et al., 1996; Jessberger et al., 1996) .
A Superhelical Tension Model for
Furthermore, it is notable that SMC proteins are also Chromosome Condensation present in some prokaryotes (Strunnikov et al., 1993) . The condensin complexes play a central role in mitotic Recent progress in genome sequencing projects has chromosome condensation in vitro both structurally and identified additional members of the SMC family in the functionally (Hirano and Mitchison, 1994; archaeon microbe Methanococcus jannaschii (Bult et 1997) . How might the supercoiling activity of 13S conal., 1996) as well as in a number of bacterial species densin contribute to chromosome condensation? We (Fraser et al., 1995; Oguro et al., 1995) . We hypothesize, propose here a highly speculative model in which supertherefore, that the primary reaction catalyzed by SMC helical tension of DNA generated by 13S condensin acts proteins is a fundamental one that is universally conas a driving force for the compaction of a chromatin served in the three phyla. It would be interesting to fiber. In this model, we assume that chromosomal DNA test if the noneukaryotic SMC proteins also share a has high-affinity sites for condensin binding (Figure 7Ba ; mechanism of action common to that of 13S condensin. shown by boxes). They are likely to consist of structural motifs, such as AT-rich DNA or bent DNA, rather than Experimental Procedures specific sequences. Condensins bind to these sites and Fractions were analyzed by SDS-PAGE, or assayed for DNA-stimu-GTGATAGGTGCAGGGGTTATAGGG-3Ј), oligonucleotide 3 (5Ј-AAC AGTAGCTCTTATTCGAGCTCGCGCCCTATCACGACTA-3Ј), and olilated ATPase activity after concentration.
gonucleotide 4 (5Ј-TTTATCAGACTGGAATTCAAGCGCGAGCTCGA ATAAGAGCTACTGT-3Ј); the duplex 1 was constructed from oligonuPurification of E. coli and Calf Thymus Topoisomerase I cleotide 1 and oligonucleotide 6 (5Ј-TTTATCAGACTGGAATTCAATG E. coli topoisomerase I was purified from an overexpressing strain CAGGGGTTATAGGG-3Ј); and the duplex 2 was constructed from as described previously (Lynn and Wang, 1989) . The purified protein oligonucleotide 3 and oligonucleotide 5 (5Ј-GTAGTCGTGATAGGGC was dialyzed against 20 mM potassium HEPES (pH 7.7), 0.1 M KCl, GCGAGCTCGAATAAGAGCTACTGT-3Ј). Double-stranded DNAs of 1 mM EDTA, 1 mM 2-mercaptoethanol, and 50% glycerol, and stored different length were prepared from a commercially available 100 at Ϫ20ЊC, or frozen at Ϫ80ЊC. The purity of the final fraction was Ͼ bp ladder (GIBCO-BRL). The DNA mixture was end-labeled by treat-95% as judged by SDS-PAGE followed by Coomassie blue staining. ment with calf intestinal alkaline phosphatase followed by 5Ј-end Eukaryotic topoisomerase I was purified from calf thymus as delabeling with T4 polynucleotide kinase and [␥-32 P]ATP. The 100 to scribed previously (Liu and Miller, 1981) , with some modifications. 600 bp bands were gel-purified. In brief, frozen calf thymus (350 g, Pel-freez Biological) was disrupted with a Waring blender in buffer A (10 mM Tris-HCl [pH 7.5], 0.5 mM EDTA, 10 mM KCl, 0.25 M sucrose, 10% glycerol, 0.8 mM ATPase Assay PMSF, and 1 mM dithiothreitol) and spun at 15,000 ϫ g for 30 min.
13S condensin (0.3 pmol) was incubated at 22ЊC with [␣-32 P]ATP (1 The pellet was resuspended and extracted with buffer B (25 mM nCi) in 5 l of a buffer containing 10 mM potassium HEPES (pH 7.7), potassium phosphate [pH 7.0], 10% glycerol, 0.01% NP40, 10 mM 50 mM KCl, 2 mM MgCl 2, 0.1 mM CaCl2, 300 M MgATP, 5 mM 2-mercaptoethanol, 10 mM sodium bisulfite [pH 7.0], and 0.5 M EGTA, 1 mM dithiothreitol, and 0.5 mg/ml bovine serum albumin. PMSF) containing 0.35 M KCl and then spun at 15,000 ϫ g for 30
Aliquots (1 l) were taken after various times (0 to 60 min), and the min. The supernatant was treated with 0.1% Polymin-P to remove reactions were stopped by adding 1 l of 1% SDS. One l of the nucleic acids, and fractionated by two-step precipitation with reaction mixture was then spotted on a PEI-cellulose thin layer ammonium sulfate. Topoisomerase I was then purified by chromachromatography (TLC) plate (Selecto Scientific) and developed in 1 tography on blue agarose (Bio-Rad), hydroxyapatite (Bio-Rad), and M HCOOH, 0.5 M LiCl. Radiolabeled ATP and ADP were quantitated phosphocellulose (P11; Whatman) columns. Fractions containing with an image analyzer (BAS 2000 Fuji Photofilm) . DNA-dependent topoisomerase I activity were dialyzed against buffer A containing and -independent ATPase activities were assayed in the presence 50% glycerol and stored at Ϫ20ЊC. The purity of the final fraction or absence of relaxed circular plasmid DNA at a final concentration was Ͼ90% as judged by SDS-PAGE followed by Coomassie blue of 0.25 g/ml. For Figure 6 , a low concentration of cold ATP (100 staining. We also used calf thymus topoisomerase I derived from a M) and a longer incubation time (120 min) were necessary to incommercial source (GIBCO-BRL) and obtained identical results in crease the sensitivity. Under these conditions, ATP hydrolysis ocsupercoiling assays. curred in a nonlinear fashion, and the extent of DNA stimulation was different from that achieved under optimal conditions (Figure 3 ).
Supercoiling Assay
Negatively supercoiled plasmid DNA (JHX-1: Peterson et al., 1980) Acknowledgments was relaxed with E. coli topoisomerase I and used as a substrate for the supercoiling assay. Ten nanograms of the relaxed circular Correspondence regarding this paper should be addressed to T. H. DNA were incubated with various amounts of 13S condensin in the We thank James C. Wang for providing us with the expression presence of E. coli topoisomerase I (80 ng) or calf thymus topoisomplasmid for E. coli topoisomerase I and Ryoji Ishida for ICRF-193. erase I (6 ng). The final reaction mixtures (10 l) contained 10 mM
We are grateful to Shou Waga for his suggestions for purification potassium HEPES (pH 7.7), 50 mM KCl, 6 mM MgCl 2, 0.1 mM CaCl2, of calf thymus topoisomerase I and to Michiko Hirano for her help 4 mM ATP, 5 mM EGTA, 1 mM dithiothreitol, and 0.5 mg/ml bovine with purification of E. coli topoisomerase I. We also thank Alain serum albumin. After incubation at 22ЊC for 1 hr, the reactions were Verreault, Jason Swedlow and Ana Losada for their critical comstopped by the addition of 60 l of a stop solution (20 mM Tris-HCl ments on the manuscript. This work was supported by grants from [pH 8.0], 20 mM EDTA, 0.5% SDS, 10 g/ml yeast tRNA, and 0.5 the National Institute of Health (GM53926) and the Pew Scholars mg/ml proteinase K) and incubated at 37ЊC for 40 min. DNA was Program in the Biomedical Sciences to T. H. phenol-extracted, ethanol-precipitated, and electrophoresed in a 0.7% agarose gel with 0.5ϫ TBE buffer. Two-dimensional gel electrophoresis was done as described previously (Wu et al., 1988) with Received May 30, 1997; revised July 9, 1997. minor modifications. After electrophoresis in the first dimension, the gel was soaked in 8 M chloroquine diphosphate salt in 0.5ϫ TBE for 3 hr. The second dimension was run in 0.5ϫ TBE containing References 8 M chloroquine diphosphate salt at 2 V/cm for 13 hr at room temperature. DNA was blotted to a nylon membrane and hybridized Belmont, A.S., Sedat, J.W., and Agard, D.A. (1987) . A three-dimensional approach to mitotic chromosome structure: evidence for a with a radiolabeled probe from the same plasmid. For antibody blocking, an affinity-purified, anti-peptide antibody raised against complex hierarchical organization. J. Cell Biol. 105, 77-92. the C terminus of XCAP-E was used (Hirano et al., 1997) . In an Bhat, M.A., Philp, A.V., Glover, D.M., and Bellen, H.J. (1996) . Chromaexperiment, we purified 13S condensin from a 32 P-labeled extract tid segregation at anaphase requires the barren product, a novel and found the levels of phosphorylation of condensin subunits unchromosome associated protein that interacts with topoisomerase changed under the supercoiling assay condition (in the presence II. Cell 87, 1103-1114. or absence of ATP). Bianchi, M.E. (1988) . Interaction of a protein from rat liver nuclei with cruciform DNA. EMBO J. 7, 843-849.
Electrophoretic Mobility Shift Assay
Bianchi, M.E., Beltrame, M., and Paonessa, G. (1989) . Specific recLabeled DNA was incubated with the indicated amounts of 13S ognition of cruciform DNA by nuclear protein HMG1. Science 243, condensin in XBE2-gly and bovine serum albumin at 0.5 mg/ml. 1056-1059. After incubation at 22ЊC for 1 hr, samples were applied to a 6% Bult, C.J., White, O., Olsen, G.J., Zhou, L., Fleischmann, R.D., Sutton, polyacrylamide gel made in TBE that had been prerun at least for G.G., Blake, J.A., FitzGerald, L.M., Clayton, R.A., Gocayne, J.D., et al. 2 hr. Electrophoresis was performed at room temperature at 10 (1996) . Complete genome sequence of the methanogenic archaeon, V/cm. The gel was then dried and autoradiographed with Kodak Methanococcus jannaschii. Science 273, 1058-1073. XAR film. The DNAs used in this assay were prepared in the following manner. A cruciform DNA and control linear duplexes were made Chuang, P.-T., Albertson, D.G., and Meyer, B.J. (1994) . DPY-27: a chromosome condensation protein homolog that regulates C. eleand purified as described (Bianchi, 1988) . In brief, the cruciform DNA was constructed from oligonucleotide 1 (5Ј-CCCTATAACCCCT gans dosage compensation through association with the X chromosome. Cell 79, 459-474. GCATTGAATTCCAGTCTGATAA-3Ј), oligonucleotide 2 (5Ј-GTAGTC
